ABSTRACT Transmural stimulation of the isolated adrenal gland of the rat and guinea pig results in secretion of catecholamines. The secretion is due to activation of cholinergic receptors of the adrenal medulla by acetylcholine released from splanchnic nerve terminals after transmural stimulation. Our aim was to see whether the same experimental technique could be used to directly excite the adrenal medullary cell membrane by electrical stimulation and whether such stimulation would result in secretion of catecholamines. We demonstrate here that a single electrical shock to the perfused adrenal gland of the rat results in massive secretion of epinephrine and norepinephrine. The secretion is directly related to the strength and duration of the applied stimulus over a wide range. Catecholamine secretion is unaffected by tetrodotoxin or hexamethonium/atropine but is abolished by Ca2+ lack or 3 mM Mn2 . We suggest that the adrenal medullary membrane undergoes nonpropagated electrotonic depolarization on electrical stimulation and thereby voltage-dependent Ca2+ channels are opened to initiate secretion. Acetylcholine (AcCho) released from splanchnic nerves causes activation of the cholinergic receptors of the adrenal medulla followed by inward movement of Ca2", and subsequent secretion of medullary hormones. However, the precise electrophysiological changes that occur as a result of the action of AcCho on the medullary cell membrane are not completely understood. Since the early work of Cannon and Rosenblueth (1), medullary cells have been regarded as electrically insensitive. However, recent studies have shown that depolarization (2), or even action potentials (3, 4) , can be recorded from chromaffin cells under various conditions. Cultured adrenal chromaffin cells exhibit spontaneous action potentials and the frequency of such activity can be enhanced by AcCho (4) or excess K+ (5). Therefore, it is proposed that alteration of medullary spike activity by AcCho plays a physiological role in secretion of catecholamines (CA).
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Recently, it has been shown that, when the perfused adrenal gland is placed between plate electrodes and stimulated repetitively, CA are secreted (6, 7) . The secretion was predominantly a result ofactivation of medullary nicotinic receptors by AcCho released from splanchnic nerves during stimulation. Thus, it was ofparticular interest to know whether medullary cell membrane could be excited by electrical stimulation and, ifelectrical stimulation did lead to a secretory response, the type of electrophysiological event that is responsible for the secretion of CA.
Pharmacological analysis of our data suggests that electrical stimulation of the adrenal gland may cause nonpropagated depolarization of the medullary cells and thereby increase Ca2" influx and CA secretion.
MATERIALS AND METHODS
Perfusion of the left adrenal gland of the rat was carried out as described (6) . Briefly, rats (250-350 g; either sex) were anesthetized with ether, and the left renal vein was cannulated after ligating other blood vessels. The adrenal gland, along with tied blood vessels and the cannula, was removed from the rat and placed on a platform in a Lucite chamber. The chamber was maintained at 370C by circulating heated water. The adrenal gland rested on a flat Ag/AgCl plate mounted on the platform. The metal strip served as one of the electrodes for stimulation of the gland, and another plate electrode was gently placed on top of the gland (see figure 1 of ref. 6 ). The adrenal gland was perfused (0. 2 ml/min) by means of a roller pump (LKB, model 2120). The perfusion medium was Krebs buffer/bicarbonate bubbled with 95% 02/5% CO2 and the final pH was 7.4 to 7.5.
The solution contained Na2EDTA (10 pug/ml) to prevent oxidation of CA. Perfusate escaped from a slit made in the adrenal gland and was collected in chilled tubes containing perchloric acid (final concentration, 0.05 M).
Stimulation of the adrenal gland was achieved by connecting the plate electrodes to a Grass stimulator, model S 88. The resistance between plate electrodes, touching the adrenal gland, was fairly constant from one preparation to another (-350 fr).
The Grass stimulator was specifically wired to deliver supramaximal current against a low resistance between electrodes. Stimulation parameters were either 600 shocks at 10 Hz (1.0-ms duration and 0. 18-mA strength) or single shocks of various durations and strengths. In some cases, 130 ,AM AcCho was injected into the perfusion stream to evoke CA secretion.
CA content was analyzed by HPLC after treatment of the perfusate with alumina (8) . Samples (0.05 ml) of the alumina eluate were injected onto the column for electrochemical detection of norepinephrine (NE), epinephrine (EPI), and dopamine (9, 10). Appropriate standard solutions were also treated with alumina, with recoveries ranging from 65% to 80%. Corrections for dilutions and recovery in alumina eluate have been made. The CA values are expressed in terms of base. Data are presented as mean + SEM, and differences were compared by using Student's paired t test. Drugs used were AcChoCl, hexamethonium bromide, and atropine sulfate (Sigma), and tetrodotoxin (Calbiochem).
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Attempts were made to study CA secretion induced by one shock and by a train of 10-Hz shocks in low-Na+ Krebs buffer. Unfortunately, decreasing the Na+ content from a control value of 144 mM to 25 or 50 mM (while replacing it with equimolar LiCl) resulted in a marked increase in spontaneous secretion of CA (up to 100 ng) and, therefore, it was not possible to accurately determine the effects of low-Na+ medium on CA secretion evoked by stimulation.
Whether cholinergic receptors play any role in one-shockinduced secretion of CA was examined by using hexamethonium ion/atropine. These results are shown in Fig. 2B . A combination of nicotinic and muscarinic antagonists produced a marked blockade of CA secretion induced by a train of 10-Hz shocks. However, one-shock-induced secretion of NE and EPI in the presence of hexamethonium ion/atropine was almost identical to that found in the absence of these antagonists.
It was of critical interest to know whether Ca2" was needed for CA secretion evoked by a single shock. The results of such experiments are shown in Fig. 3 . CA secretion was evoked by a train of impulses (600 shocks at 10 Hz) and by one shock of 30-or 300-ms duration in 2.5 mM Ca2`medium. Earlier, it was reported that omission of Ca2`from the perfusion medium is not sufficient to abolish CA secretion and inclusion of EGTA is necessary to completely block AcCho-induced secretion in the rat adrenal gland (6, 7) . Therefore, we perfused the adrenal gland with Ca2'-free Krebs buffer 1 mM EGTA for 30 min and then evoked secretion by either a train ofimpulses or one shock. As shown in Fig. 3 , secretion of NE and EPI evoked by either a train of 10-Hz shocks or a single shock (30-or 300-ms duration) was undetectable over the spontaneous secretion. Reperfusion of the adrenal gland with 2.5 mM Ca2-containing Krebs buffer completely restored the secretory response evoked by both types of stimulation procedures.
The effects of 3 mM Mn2+, known to block stimulationevoked secretion of AcCho and CA in the rat adrenal gland (6), were tested. The results of such experiments are summarized in Table 1 . The amounts of NE and EPI induced by one shock (100-ms duration) and those induced by a train of 10-Hz shocks were suppressed after perfusion ofthe adrenal gland with 3 mM Mn2 . Secretion (evoked by stimulation) was restored to normal level after perfusion with Krebs buffer (data.not shown).
DISCUSSION
We have previously shown that passage of a train of impulses across the isolated adrenal gland causes excitation ofsplanchnic nerve terminals and that AcCho released from these nerves activates medullary cholinergic receptors to evoke CA secretion (6, 7) . Thus, the effect of stimulation by a train of 10-Hz shocks was predominantly on presynaptic components of the adrenal gland. In this study, we have shown that application of a single electrical shock leads to massive secretion of CA from a salineperfused adrenal gland ofa rat in vitro. The questions are which ofthe two sites in the adrenal gland (splanchnic nerve terminals or medullary cells) are affected by a single shock and what kind ofelectrophysiological changes are brought about by such stimulation to trigger secretion. By using various physiological and pharmacological criteria, we have concluded that the adrenal medullary cell membrane can be excited directly by electrical stimulation. The membrane undergoes nonpropagated electro- Shocks (duration, ms), no. FIG. 3 . Importance of Ca2 in secretion of CA evoked by 1 shock. Fifteen minutes after perfusion with 2.5 mM Ca2+/Krebs buffer, CA secretion was evoked by 600 shocks for 1 min. Ten minutes later it was evoked by a single shock (30 ms; 0.18 mA) and, 10 min later, by still another shock (300 ms; 0.18 mA). The gland was then perfused with Ca2+-free Krebs buffer/1 mM EGTA for 20 min ( I ), and secretion was evoked as before. Finally, the perfusion medium was switched to 2.5 mM Ca2 Krebs buffer and secretion was again evoked. The sample-collection time was 4 min for the multiple-shock and 30-ms-duration single-shock stimulations, and 8 min for 300-ms-duration single-shock stimulations. Spontaneous secretion of NE and EPI in the absence of stimulation (O) was determined for 4-and 8-min periodsjust prior to stimulation. El and E, NE; H and ID, EPI. Results represent mean ± SEM of seven experiments.
Physiological Sciences: Wakade and Wakade , 1 min) 0.01 ± 0.001 0.04 ± 0.003 CA secretion is calculated as nanograms per shock by dividing total amounts of NE and EPI secreted by number of shocks given in the stimulation period and as ng/ms by dividing total amounts of NE and EPI by total stimulus duration in each stimulation period. Net secretion was calculated by subtracting spontaneous secretion during an equivalent time period from total secretion. * The experimental protocol was identical to that for Fig. 1 A and B . Six adrenal glands were used. t The experimental protocol was identical to that for Fig. 2 A and tonic depolarization on electrical stimulation, causing influx of Ca2+ and subsequent secretion of CA. The lack ofeffect ofcholinergic blocking agents on one-shockinduced secretion of CA indicates that the main target of stimulus is the medullary cells and not the presynaptic cholinergic nerve endings. Another important piece of evidence is that splanchnic nerves exhibit optimal stimulation parameters for secretory response (6) but, in this study, the secretion increased with increase in stimulus strength and duration without reaching a plateau. This observation is unique, because stimulation of sympathetic nerves of the guinea pig heart with one pulse of extended duration or strength does not lead to release of NE (unpublished observations). Finally, comparison ofthe amounts of CA induced by a train of 10-Hz shocks or one-shock stimulation shows a marked difference. Taken together, these findings suggest that electrical stimulation causes excitation of the medullary cell membrane. During the course of this study, it was reported that bovine adrenal medullary slices secreted CA on electrical stimulation (11) .
Secretion of CA increased with the duration and strength of the stimulus, and the response did not level off at 300-ms duration or 0.28-mA strength. The simplest explanation may be that medullary cell membrane undergoes electrotonic depolarization, and the degree of such depolarization depends largely on the extent of stimulus strength and duration. The amounts of Ca2' entering the cell would be related to the stimulus strength and duration. On the other hand, ifa conducted action potential(s) was involved in one-shock-induced secretion, we would not expect an increase in secretory response beyond a critical stimulation level (i.e., supramaximal parameters). Further support for the assumption that Na+ action potentials are not involved in one-shock-induced secretion of CA comes from TTX experiments. Secretion evoked via splanchnic nerves by a train of 10-Hz shocks was markedly reduced by TTX but that evoked by one shock was unaffected. However, involvement of Ca2+ action potentials cannot be ruled out from these experiments.
The NE/EPI ratios in the perfusate after various types of stimulation and those in the control and stimulated adrenal glands were comparable. Furthermore, spontaneous secretion of CA was not elevated after stimulation with one shock, and AcCho was able to evoke secretion after one-shock treatment. These data suggest that secretion evoked by one shock had no deleterious effects on storage and release of CA. The most important piece of evidence for the fact that we are dealing with a physiological event comes from Ca2+ lack and Mn2+ experiments. Almost complete and reversible blockade by these procedures means that Ca2" is intimately involved in single-shockinduced secretion of CA. Since Ca2+-dependent secretion increased with increase in the duration ofstimulus, it is likely that the amount of Ca2" entering the cell via voltage-dependent channels also increases with the duration of the shock.
Action potentials have been recorded from dissociated chromaffin cells maintained in tissue culture medium for several days (3, 4, 5) but not from intact adrenal glands perfused in vitro with physiological salt solution (12) . Furthermore, there is a discrepancy between the effect of AcCho on the frequency of action potentials in dissociated chromaffin cells and that on CA secretion from the perfused adrenal gland. In the former case, the effect ofAcCho was saturable at 3-10 ,uM, but CA secretion induced by AcCho was nonsaturable even at 300 ,uM (5, 6) . Thus, the physiological significance ofadrenal medullary action potentials in secretion of CA remains obscure. One possibility is that, after stimulation, the adrenal chromaffin cell membrane can undergo nonpropagated local depolarization to bring about the voltage-dependent increase in Ca2+ influx and subsequent secretion of CA.
